Somatic mutations are transmitted during mitosis in developing somatic tissue. Somatic cells bearing the mutations can develop into reproductive (germ) cells and the somatic mutations are then passed on to the next generation of plants. Somatic mutations are a source of variation essential to evolve new defense strategies and adapt to the environment. Stem rust disease in Scots pine has a negative effect on wood quality, and thus adversely affects the economy. It is caused by the 2 most destructive fungal species in Scandinavia: Peridermium pini and Cronartium flaccidum. We studied nuclear genome stability in Scots pine under biotic stress (fungus-infected, 22 trees) compared to a control population (plantation, 20 trees). Stability was assessed as accumulation of new somatic mutations in 10 microsatellite loci selected for genotyping. Microsatellites are widely used as molecular markers in population genetics studies of plants, and are particularly used for detection of somatic mutations as their rate of mutation is of a much higher magnitude when compared with other DNA markers. We report double the rate of somatic mutation per locus in the fungus-infected trees (4.8 × 10 -3 mutations per locus), as compared to the controls (2.0 × 10 -3 mutations per locus) when individual samples were analyzed at 10 different microsatellite markers. Pearson's chi-squared test indicated a significant effect of the fungal infection which increased the number of mutations in the fungus-infected trees (χ 2 = 12.9883, df = 1, P = 0.0003134).
the evolution of new advantageous properties and the increase in the population fitness; however, most newly acquired somatic mutations do not reach gamete-forming cells and their potential contribution to the individual fitness is limited to the living organism (Klekowski 1988) . Dominant deleterious mutations affecting some plant modules (ramets, branches, shoots) may be selectively lost, for example, by decay of that plant module. Nonetheless, recessive deleterious somatic mutations may reach the gametes and contribute to increase the genetic load. Particularly in long-lived forest trees, the genetic load has determined the evolution of the mating system towards outcrossing to avoid the expression of recessive deleterious mutations (Scofield and Schultz 2006) . Somatic mutation accumulation within an individual gave rise to the genetic mosaicism hypothesis that was first proposed to predict how mosaicism mediates resistance to short-lived and fast evolving herbivores and pests (Whitham and Slobodchikoff 1981) . Theoretical models have attempted to predict the pattern of pest resistance evolution associated with mosaicism (Antolin and Strobeck 1985; Folse and Roughgarden 2012) . However, empirical demonstrations of those hypotheses are inadequate (Karban 2011; Padovan et al. 2013 ) and controversial (Gill et al. 1995; Suomela 1996) . Other costs such as cell parasitism, developmental instability and, benefits, for example, synergism and metabolic efficiency associated with somatic mutations have however received empirical support (Harris-Shultz et al. 2011) , although the majority of studies have focused on the value of somatic mutations for horticulture and breeding purposes (Whitham and Slobodchikoff 1981; Hartmannn and Kester 1983; Inagaki et al. 1996; Fournier-Level et al. 2010) .
In plants, stress has been reported to induce genome instability and promote somatic mutations (Lucht et al. 2002; Kovalchuk et al. 2003a) . Increase in somatic mutations has been associated with diverse abiotic factors including the effect of heat, cold and UVC in Arabidopsis , exposure to radiation in wheat (Kovalchuk et al. 2003c ) and Scots pine (Kovalchuk et al. 2003b; Vornam et al. 2004; Kuchma et al. 2011; Vornam et al. 2012) , and air pollution in Scots pine (Bakhtiyarova et al. 1995) . However, the association between somatic mutations and adaptive responses has not been well investigated (Oudalova et al. 2005) . Biotic factors such as pathogen infection have also been reported to induce somatic mutations in wheat (Schmidt and Mitter, 2004) and Arabidopsis .
Scots pine (Pinus sylvestris L.) is one of the most widely distributed conifer species in the world, and has adapted to a wide range of environments, soils, and climates-from the arid, mountainous areas of Spain and Turkey, to subarctic forests of Northern Scandinavia and Siberia (Giertych and Mátyás 1991) . Two stem rust fungal species-Peridermium pini and Cronartium flaccidum-are considered to be the most destructive pine pathogens in Scandinavia (Kaitera 2000) . Despite the adverse economic impact of stem rust disease in Scots pine as a consequence of the negative effect of the disease on wood quality (Kaitera et al. 1994 ) and growth (Martinsson 1987) , the knowledge of the European pine population's susceptibility and epidemiology remains limited and no study has been conducted yet to investigate the effect of stem rust on genome stability.
The goal of our work was to analyze the nuclear genome stability in a Scots pine population affected by stem rust, compared to a healthy control population. In this respect, we investigated: 1) the type of somatic mutations generated, 2) their distribution across the tree by locus, and 3) the rate of somatic mutations per locus in infected trees as compared to control trees. The mutations observed were categorized into 3 types-size shifts in the allele/s, deletion of allele/s, and amplification of additional allele/s as a result of duplication (details are included in material and methods). Stability was assessed by the accumulation of new somatic mutations in microsatellites or simple sequence repeats (SSRs). The samples were obtained from regenerated plantations; control samples were collected from healthy trees and the infected samples from a stand infected with stem rust fungus (Peridermium pini/Cronartium flaccidum).
SSRs consist of tandem repeats of DNA units of between 1 and 6 base pairs (bp), which result from mutations due to DNApolymerase slippage during replication and unequal recombination (Levinson and Gutman 1987a) . SSRs are widely used as molecular markers in population genetics studies in plants because they are highly abundant, highly polymorphic, codominant, and multiallelic (Varshney et al. 2005) . SSRs have particularly been used to detect somatic mutations (Cloutier et al. 2003; O'Connell and Ritland 2004; Vornam et al. 2004; Kuchma et al. 2011) as their mutation rate is of a much higher magnitude, compared to other DNA markers (Ellegren 2000) .
Material and Methods

Plant Material
Test samples were collected from 22 trees, naturally infected with fungus (Peridermium pini and Cronartium flaccidum) located at Överödå (64°14′N, 19°56′E), and control samples were collected from 20 healthy trees located at Flurkmark (64°02′N, 20°13′E). Both sites sampled belong to the same pine growth zone in Sweden (See Supplementary Figure S1 online). All the trees sampled were 26 years old, grown in a similar manner with seeds from the same seed orchard, thus having the same genetic background. Tree size was homogenous in both plantations, and the average height of the trees was 10 m. Scots pine trees in the infected site exhibited the typical symptoms of rust infection in the branches and main stem. Some of the branches were swollen, and bark contained cracks and appeared darker in color. We observed resinous canker on the main stem, in some cases. The qualitative classification of the fungal infections was performed by the foresters and fungal diagnosis was carried out by the site owner (Holmenskog). From each tree, 30 twigs were collected, 10 each from the lower, middle and upper part of the tree. In total, 1260 samples were analyzed. The lower, middle and upper parts of the trees were identified by dividing the total number of whorls with branches by 3. Twigs were sampled from different points of the tree to avoid sampling several twigs from a single spot on the tree canopy.
Genotyping
DNA was extracted from needles (one needle per twig) with the CTAB extraction method (Doyle and Doyle 1987) . Ten nuclear microsatellite primers developed for Pinus taeda (Auckland et al. 2002; Chagné et al. 2004; Liewlaksaneeyanawin et al. 2004) and Pinus sylvestris (Soranzo et al. 1998) were applied to genotype all the individuals. The selection of these microsatellite loci was made based on our previous work, where these markers efficiently worked as 2 multiplexes in Scots pine. The 10 SSR loci were scored as 2 multiplex sets based on the amplicon size (Multiplex 1: LOP6, PtTX3013, PtTX3020, PtTX3049, PtTX4011 and Multiplex 2: Ctg1376, Ctg4363, PtTX3107, PtTX4001, SPAC 12:5) following the protocol developed by Ganea et al. (in press ). LOP6, Ctg1376, and Ctg4363 are expressed sequence tag (EST)-derived markers, while PtTX3013, PtTX3020, PtTX3049, PtTX4011, PtTX3107, PtTX4001, SPAC 12:5 are derived from genomic library. The only locus that differs from Ganea et al. (in press ) is PtTX3016 in multiplex 1, which was substituted by LOP6 due to better performance (Table 1) . One of primers in the pair (forward/reverse) was labeled with a fluorescent dye (D2/D3/D4) using the M13 tailed primer method described by Oetting et al. (1995) . The primers were tested individually prior to the performance of the multiplex reaction.
The multiplexes were amplified by using the Type-it Microsatellite polymerase chain reaction (PCR) Kit from QIAGEN in a total volume of 10:2.5 µL master mix (Type-it Kit, QIAGEN), 0.2 µL Q solution (Type-it Kit, QIAGEN), 0.4 µL H2O (Type-it Kit, QIAGEN), 75 ng of template DNA, primer mix (Sigma) (refer to Table 1 for the final concentration of each primer in the primer mix). The touchdown PCR protocol (Don et al. 1991 ) was as follows: initial denaturation for 15 min at 95 °C; 20 touchdown cycles of denaturation for 30 s at 95 °C, annealing for 1 min 30 s at 62 °C (lowering the temperature by 0.5 °C in each successive cycle) and elongation for 1 min at 72 °C. This was followed by 15 cycles of denaturation for 30 s at 95 °C, annealing for 30 s at 52 °C, elongation for 1 min at 72 °C, and a final extension for 10 min at 72 °C.
Fragment analysis was carried out using capillary electrophoresis in a Beckman Coulter CEQ8000 with the DNA Size Standard Kit-400 as follows: 20 µL formamide (SLS-Sample Loading Solution, Applied Biosystems), 0.25 µL Internal Standard 400 (DNA Size Standard Kit-400 Beckman Coulter), and 1.5 µL PCR product. Allele scoring was carried out using the CEQ system software.
Taq DNA polymerase has been estimated to have a base-pair substitution error rate of 1.33 × 10 -6 point mutations per bp per PCR cycle (Cline et al. 1996) . Each sample underwent 35 PCR cycles, and we performed the PCR twice to confirm each mutation; the probability of falsely observing a microsatellite mutation consecutively due to PCR error is approximately 8.6 × 10 −7 [(1.33 × 10 -6 error rate × 35 cycles × 204bp) × 2 PCRs] (Ally et al. 2008) . The average PCR product length is 204 bp in this study. In order to discriminate between a somatic mutation and a PCR error, we performed one additional PCR on samples carrying putative somatic mutations. The result of Table 1 . Multiplex design and primer details for the 10 microsatellite loci selected for detection of somatic mutations in the fungus-infected and healthy Scots pine trees
Locus
Primer sequence (5′-3′) Repeat motif this calculation indicates that the mutations observed are unlikely to be errors introduced by the Taq polymerase.
Scoring of the Somatic Mutation Types
The genotype with reference to a locus that predominated across 30 samples within the tree was regarded as wild type and any deviation from this was interpreted as a mutational event. We categorized somatic mutations into 3 types-A, B, and C. Mutation Type A refers to the shift in size of one or both of the original locus alleles (genotype The mutations were scored as per the following criteria. The same type of mutation occurring multiple times across the samples within a tree was counted only once. In this case, the mutation count was assigned to the lowest portion where the mutation occurred, thus a count of the same mutation occurring in the middle and upper part of the tree was assigned to the middle part. The same type of mutations occurring in 2 different trees independent of the part of the tree (upper, middle, lower) were considered as independent events and were counted as 2 separate mutations. Thus, the number of mutations was obtained by counting the number of unique mutations per tree. This approach assumes that the occurrence of certain mutations is a unique event that can be passed to new developing cells within the tree during mitosis. This is a conservative approach as the same mutation event could have occurred several times within a tree, thus estimated mutation rates tend to be biased downwards. We also followed a nonconservative approach to compare the results obtained with the conservative method. In the nonconservative method, all the mutations occurring in all the trees were counted to obtain the total number of mutations in each case.
Estimation of Somatic Mutation Rates Per Locus
The somatic mutation rate per locus (U) was estimated as:
where, m is the number of mutations observed (number of times that genetic differences among sampled tissues within a tree were observed), N is the number of tissues sampled per tree, L is the number of trees sampled, and K is the number of loci sampled (O'Connell and Ritland 2004). This estimator makes 2 important assumptions relevant for this study: 1) the new mutations are estimated in an unbiased manner and 2) not all tissues sampled are mutant. In this study, we are reporting the mutation rate at a given age (26-year-old trees) in contrast to O'Connell and Ritland's study (2004) where the mutation rate per generation (seed-reproducing tissue) at the average age of reproduction was calculated. The main goal of our study is to compare the somatic mutation rate between a control and an infected tree plantation, rather than to estimate the per-generation mutation rate. Although the analysis of vegetative tissue will not render a per-generation estimation because we cannot determine which of those mutations will contribute to form the germ cells and will be passed to the next generation, we chose such material because the chances to identify somatic mutations is higher in vegetative tissue, as compared to seed-producing tissues. Thus, in seed-producing tissue there are fewer cell divisions, that is, number of meiotic divisions is lower than the number of mitotic divisions, and the accumulation of new deleterious mutations is restricted (Kohler et al. 1991; Lynch 2010) . Furthermore, the trees infected by fungi were mainly affected in the stem, thus we could expect somatic mutations enhanced by the fungi attack to be located mainly in vegetative tissues.
Pearson's chi-squared tests were performed to test for the effect of fungal infection and location of the mutation in the tree, on the rate of mutation.
Data Archiving
In fulfillment of data archiving guidelines (Baker, 2013) , we have uploaded the data in Supplementary Table S1, Figure S1 , and Figure S2 .
Results
Types of Somatic Mutation
We observed 3 types of somatic mutation; their distribution by locus and position on the tree is presented in Supplementary Table S1 and Figure S2 . For Type A and A/C mutations in the infected samples, we observed that allele size shifted by both increase (12 mutation events) and decrease (15 mutation events) in the number of repetitive units that ranged from 1 to 13 units. Both increase and decrease occurred by an average of approximately 4 units. Decrease in allele size was not found in the control samples and the average increase (3 mutation events) in the number of repeat units was approximated to 3 units. All the shifts that occurred were divisible by the size of the SSR repetitive unit (2 or 3 in our loci) with the exception of 1 sample, where the size shift was 1 nucleotide but the repetitive unit was a dinucleotide (PtTX3020, sample C9M5 in Supplementary Table S1 ). Type B mutations are defined as the failure to amplify 1 or 2 alleles, and both cases were observed in our data. Type C mutations or the amplification of an additional allele always resulted in the amplification of one additional fragment of a larger size than the 2 original alleles, with the exception of 2 samples where a shorter motif was amplified (PtTX3020, samples C14U4, C14U7 in Supplementary  Table S1 ). It is noteworthy that we were able to detect only those Type C mutations where the duplicated microsatellite locus underwent a gain or loss of repetitive units, while somatic mutations that involved duplication of 1 or 2 loci with identical size as the original allele could not be detected with fragment analysis. As a result, the frequency of Type C mutations may be a downward-biased estimate.
The mutation events differed between the control or infected samples, with only one exception (PtTX3013, sample C1M3 and I11L3, Supplementary Table S1), where the same mutation event was observed in a control and an infected sample. The most abundant mutation Type was A followed by C; this observation needs to be considered with caution because of the A/C and A/B ambiguities. Furthermore, we found one mutation in an infected sample where 2 mutational events occurred simultaneously (A & C: 117/123/126). Here the original genotype 123/123 was mutated to 117/123, which could be defined as Type A or C and an additional amplification of 126 bp was measured as a result of duplication.
Frequency of Somatic Mutations Within Trees and Between Trees
Somatic mutations were detected in 7 trees in the control stand and in 13 trees in the infected stand. In these trees, the number of unique mutations per tree ranged from 1 to 2 in the control stand, and from 1 to 4 in the infected stand. Identical mutation events were detected in up to 4 different trees within the same plantation. The number of somatic mutations was higher in the samples collected from the middle or lower parts of the tree (Table 2 ).
Somatic Mutation Rate Per Locus
The overall somatic mutation rate detected in the control trees was 2.0 × 10 -3 mutations per locus, while in the infected samples the rate was estimated to be 4.8 × 10 -3 mutations per locus; when all parts of the tree were considered together ( Table 3 ). The overall rate of mutation was 2.4 times higher in the fungus-infected trees (Table 3 ). The rate of mutation varied from 1.0 × 10 -3 in the samples from the upper part of the control trees to 5.5 × 10 -3 found in the samples from the lower part of the infected trees. Mutation Type A was the most frequent in the samples from trees affected by stem rust, compared to the control samples, where Type C was most frequent (Table 2) . However, this does not take into account the mutations belonging to the ambiguous categories-A/C and A/B types.
Pearson's chi-squared tests indicated a significant effect of the fungal infection which increased the number of mutations, while there was no significant difference in the extent of infection depending on the position-lower, middle, and upper-in the tree. Pearson's chi-squared test with Yates' continuity correction, considering the number of mutations (conservative method) in the control versus infected samples (χ 2 = 12.9883, df = 1, P = 0.0003134) and the number of trees with mutations in the control and infected stands (χ 2 = 16.3498, df = 1, P = 5.266e−05) were both significant.
Frequency of Somatic Mutations by Locus
The number of mutations per locus was counted using the same criteria as described in the Material and Methods. The locus with the highest number of somatic mutations was Ctg4363, in both control and infected trees (Table 4) , while the locus with the lowest number of mutations was PtTX3020 in infected trees, and SPAC12:5 in control samples. Loci Ctg1376 and PtTX3107 did not show any somatic mutation in control samples; while no mutations were detected in loci LOP6, PtTX3049, and PtTX4011, in either control or infected trees. The number of mutations detected per locus was higher in the infected, compared to the control samples in all loci with the exception of PtTX3020. No association was found between the mutation rate per locus and heterozygosity values previously published for those loci (data not shown). The somatic mutation rate per locus was higher in the ESTderived SSRs (2.2 × 10 -3 and 9.1 × 10 -3 in control and infected trees, respectively) as compared to the genomic SSRs (1.9 × 10 -3 and 3.0 × 10 -3 in control and infected trees, respectively) in the control as well as the infected trees. However, our main focus was to explore whether fungal infection affects the overall genome stability in pine trees.
Discussion
We investigated the occurrence of somatic mutations in control and fungus-infected trees growing in 2 plantations in Sweden. Our results indicate the occurrence of 3 different types of somatic mutation events, which were more frequent in the middle and lower parts of the tree. Three out of 10 SSR loci (1 EST-derived-LOP6, 2 genomic-PtTX3049 and PtTX4011) were not affected by somatic mutations. Somatic mutations were detected in a larger number of trees in the infected plantation, where the range of mutations per tree was also higher. As a result, the somatic mutation rate per locus in the infected plantation was about double that of the control stand.
Three of the 10 microsatellite markers (LOP6, Ctg1376, Ctg4363) used for genotyping were derived from cDNA regions (genic microsatellites), out of which LOP6 did not show any somatic mutations. Six mutations were detected at locus Ctg1376 with reference to the infected samples, but this region does not code for any protein (Chagné et al. 2004) . Four somatic mutations were detected in the control samples and 12 in the infected, with reference to the Ctg4363 locus. This region lies in the 3′UTR (Chagné et al. 2004) which may have a regulatory function. The difference between the somatic mutation rate per locus in the EST-derived SSRs and the genomic SSRs in the control tree was minute (0.3 × 10 -3 ). In contrast to the control trees, the infected trees showed 3 times higher somatic mutation rates per locus in the EST-derived SSRs compared to the genomic SSRs (3.0 × 10 -3 in the genomic SSRs and 9.1 × 10 -3 in ESTderived SSRs). With reference to the EST-derived SSRs, the difference between the control and infected trees was higher compared to the difference in the mutation rates between control and infected trees with reference to genomic SSRs; the mutation rates being higher in the infected trees in both the cases. However, this result has to be interpreted with caution as only 3 EST-derived SSRs were included in the study, compared to the 7 genomic SSRs and out of the 3 ESTderived SSRs, mutations were detected in only 2 SSRs. Also, our current focus was to find out whether fungal infection affects the overall genome stability, therefore the selection of 10 markers was made randomly, based on our previous work regarding development of 2 nSSR multiplexes in Scots pine (Ganea et al. in press ). Further studies selecting specific genes would provide an insight into the genes that respond to biotic stress.
Several studies have documented the occurrence of somatic mutations in pines. Only a few of these include analysis of variation in microsatellite stability during somatic embryogenesis in pine (Burg et al. 2007 ), the effect of radiation on somatic mutation rate in SSR (Simple Sequence Repeat) and AFLP (Amplified Fragment Length Polymorphism) markers (Vornam et al. 2004; Kuchma et al. 2011 ) and the study of somatic stability of microsatellite loci in clonally propagated individuals (Cloutier et al. 2003) . Our study is the first of its kind that reports a higher rate of somatic mutation in response to the fungi causing stem rust, a disease known to cause substantial economic loss to Scandinavian forestry (Kaitera et al. 1994 ).
Mutation Model
Estimation of population differentiation measures and genetic distances based on microsatellite loci requires accurate models of microsatellites mutation processes. Our study reveals different types of mutations that can be classified into 3 categories-A, B, and C. The Type A mutation can be explained by the most widely proposed mechanism of microsatellite mutation-polymerase slippage (Levinson and Gutman 1987a) . In the infected population, a higher count of somatic mutations involving allele size decrease was detected in contrast to previous reports where higher counts of mutations involving allele size increase has been reported (Vigouroux et al. 2002; O'Connell and Ritland 2004) . However, in the control population all somatic mutations detected involved an allele size increase. Equal numbers of mutations involving an increase and decrease in allele size have been reported in a study where the mutation pattern of 122 microsatellite loci was analyzed (Xu et al. 2000) . Gains and losses in various proportions of multiple repeat units in microsatellite loci have been reported in Scots pine (Kuchma et al. 2011) , wheat (Kovalchuk et al. 2003c) , and other organisms (Primmer et al. 1998 ). Mutations of Type B or null allele mutations are the least frequent types and their occurrence is most likely due to base substitutions or indels in the primer binding sites of the SSR marker. Null mutations are known to be common in microsatellites loci (Callen et al. 1993) . In conifers, null alleles at microsatellite loci have been reported to cause serious overestimation of inbreeding (Androsiuk et al. 2013 ). However, null mutations are interpreted to be the most frequent due to a bias caused by the possible lack of detection of size shift type mutations (Type A mutations). This is because typical population SSR-based studies use a single sample per tree for the analysis, where a small size shift cannot be detected unless several samples from the same tree are analyzed to confirm this as a somatic mutation. On the other hand, null mutations are easy to detect either 1) as an increase in the level of inbreeding in the population which does not match the typical level for an outbreed species with large effective population size or 2) by test for segregation of the SSR locus in an open pollinated (half-sibs) progeny.
Type C mutations exhibit a more complex pattern of variation that could be explained by locus duplication together with allele size shift, which implies that in a diploid organism after microsatellite duplication, up to 4 different fragments can be amplified utilizing the same primer pair (Zhang and Rosenberg 2007) . In agreement with previous reports, our study also supports a complex pattern of microsatellite mutation that cannot be explained by a simple model of replication slippage (Ellegren 2000) . This warrants further investigation at the whole genome level in order to develop more precise models of evolution.
Considering that the control samples do not show any mutations that involve allele size decrease, whereas the fungus-infected samples showed a majority of allele size decrease mutations (15 mutation events), it can be argued that infection with rust fungus enhances the frequency of deletions, in a similar fashion to radiation-induced mutations (Giver et al. 1995) .
Variation in the Rate of Somatic Mutations with Relation to the Position on the Tree
A precise determination of the number of mitotic divisions that occur within a plant's life-time from zygote to gamete is extraordinarily complex (Klekowski 1988; Scofield 2006) . This can be extended to the determination of the number of mitotic divisions that occur within each plant sector. However, within-tree variation in the number of mitotic divisions can potentially have an extensive effect on variation in mutation rates. In this study, a lower number of mutations was observed in the upper part of the tree, compared to the middle and lower parts, in both control and infected trees. It may be argued that our method of somatic mutation count results in a downward bias of mutations in the top sector of the tree because the same mutation occurring multiple times within a tree was counted as a single mutation event and assigned to the lowest part of the tree where that mutation was detected. The rationale behind this conservative method is based on the fact that a somatic mutation event which occurs in a cell located in the lower part of a tree, can potentially reach the upper parts of the tree following mitotic divisions of the cell. For this process, the mutation event must certainly have taken place in the apex meristem if it has to pass to an upper level. However, it is also possible that 2 identical mutation events occur in different parts of the trees as independent events.
Higher Somatic Mutation Rate in the FungusInfected Trees
The mutation rate per locus per generation at microsatellite loci varies from 10 -2 to 10 -6 (Li et al. 2002) and is documented as 10 −2 in bacteria (Levinson and Gutman 1987b) , 10 −4 to 10 −5 in yeast (Strand et al. 1993) , 10 −3 in humans (Weber and Wong 1993), 7.7 × 10 -4 in maize (Vigouroux et al. 2002) , and 10 -6 to 10 -5 in Arabidopsis (Golubov et al. 2010) . In a conifer species (Thuja plicata), the somatic mutation rate per locus per generation was reported as 6.3 × 10 -4 (O'Connell and Ritland 2004) and, in the clonally propagated tree species-Robinia pseudoacacia as 6.3 × 10 -4 (Lian et al. 2004 ) and in Populus tremuloides as 1.8 × 10 -6 (Ally et al. 2008 ). In Scots pine, our estimates of the mutation rate per locus based on somatic tissues ranged from 2.0 × 10 -3 in control trees to 4.8 × 10 −3 in infected trees, which are in the same range as the mutation rates reported for other species. Relatively few studies have investigated the effect of stress on the rate of somatic mutations at microsatellite loci in conifers. To our knowledge, all the studies have been conducted in Scots pine and have only considered exposure to radioactivity in Chernobyl (Ukraine) (Vornam et al. 2004; Kuchma et al. 2011) . Vornam et al. (2004) , reported a single deletion at a gene locus when genotyping was carried out using 6 SSR markers in a small sample set in Scots pine trees affected by radiation. Kuchma et al. (2011) genotyped samples from both control and irradiated Scots pine trees, utilizing 9 microsatellite loci. Somatic mutations were not detected in the control trees, while the mutation rate was estimated to be 2.8 × 10 -4 in the irradiated ones. Increased somatic mutation rate in response to abiotic stress has also been reported in Arabidopsis thaliana . Similarly, our study supports an increase in the somatic mutation rate under stressful conditions, with twice the mutation rate in the samples infected by stem rust fungus compared to the noninfected trees. In Arabidopsis ) and wheat (Schmidt and Mitter 2004) , an increased microsatellite instability has been reported in response to pathogen attack, while to our knowledge, this type of study has not been conducted in conifers.
As discussed earlier, we followed a conservative approach for designating the mutations and subsequently the estimated mutation rates are biased downwards. Although while counting the total number of mutations occurring in the control and infected samples, we have considered the same particular mutation occurring multiple times within a tree as a single mutation event (conservative approach), it is also possible that 2 identical mutation events occur in different parts of the trees as independent events (nonconservative approach). Following the nonconservative method where all the mutations occurring in all the trees were counted, a total of 14 mutational events were detected in the control and 44 in the infected samples (Supplementary Table S1 ). The mutation rate per locus using the nonconservative method is 2.9 times higher in the infected samples (6.7 × 10 -3 ), compared to the control (2.3 × 10 -3 ); while following the conservative approach, we report a 2.4 times higher rate of mutation in the infected samples compared to the controls.
Conclusions
In comparison with the control samples, we report a somatic mutation rate of between 2.4 to 2.9 times higher per locus, for 10 microsatellite markers in Scots pines infected by destructive fungal species resulting in stem rust disease, which has negative effects on wood quality and causes enormous economic losses in Scandinavia. However, it should also be taken into consideration that although the trees in the control and infected plantations were of the same age and identically regenerated, other environmental factors could not be controlled and their impact on the level of mutation rate cannot be estimated.
Although there is much indirect evidence in horticulture on newly acquired properties in trees (Whitham and Slobodchikoff 1981; Hartmannn and Kester 1983) , the actual nature of the somatic mutations behind those properties is unknown. In bacteria, it has been reported that gain or loss of microsatellite repetitive units can affect the phenotype of the carrying individuals or of the next generation (Bayliss et al. 2001) . Similarly, phenotypic changes associated with somatic mutations have been reported in plants (Inagaki et al. 1996; Padovan et al. 2013) . In a study that involved wheat infected with fungus, a somatic mutation was found at one microsatellite linked to pest resistance supporting a biological function for this mutation (Schmidt and Mitter 2004) . It has been speculated that the likelihood of mutations conferring defensive response in treebreeding is enormous (Antolin and Strobeck 1985) . In this respect, future investigations should focus on the genetic nature of beneficial somatic mutations. High-throughput sequencing and metabolomics applied to different parts of the same tree, along with the estimation of the extent of infection would give an insight into the presence of any particular type of mutations that are beneficial to the plant to combat the fungal infection. Furthermore, somatic mutation investigation is important, considering that they can cause an overestimation of heterozygosity estimates (Gill et al. 1995) .
Supplementary Material
Supplementary material can be found at http://www.jhered.oxfordjournals.org/.
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